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M a n u s c r i p t A c c e p t e d M a n u s c r i p t ABSTRACT: Since its initial discovery, four decades ago, transition metal bifluoride chemistry has exhibited a slow growth, mainly due to problems associated with synthesis and characterization. Until recently, reports on this chemistry almost always presented these complexes as a fluke discovery.
However, with the recent increase in reports and applications involving such species, a renewed interest in these complexes has been observed. Most of the work done in this area, so far, has been directed toward the synthesis and quite challenging characterization of these complexes, yet mostly neglecting the behavior of such species and their influence on catalytic processes. The aim of this work is to present a summary of the various preparation methods, characterization techniques and applications of reported transition metal bifluoride complexes. It is our hope that by centralizing all information available on such species, future efforts aimed at exploiting the full potential of transition metal bifluoride species can be facilitated.
Introduction
The hydrogen(difluoride) anion, commonly known as the bifluoride anion, is a unique moiety as it features the strongest known hydrogen bond [1] . Hydrogen bond interactions are one of the most important intra-and intermolecular interactions in chemistry [1] [2] [3] [4] [5] [6] [7] . Understanding these interactions has been the driving force behind numerous studies, mostly revolving around non-metal systems. In recent years, in-depth studies of transition metal-based structures and reactions have shown that hydrogen bonding could also be found in these systems. As a result, interest has risen in understanding the characteristics of these interactions and the properties they confer upon the metal system. Leading reports by Crabtree [8] and Morris [9] on the unconventional hydrogen-hydrogen interaction between a metal hydride and common organic hydrogen bond donors, such as amines or alcohols, catalyzed the rapid development of this area of research [10] [11] [12] [13] [14] [15] .
In recent decades, significant progress has been made in the ever-growing field of transition metal fluorides. This type of complexes has shown a remarkable ability to promote various transformations [16- Page 4 of 44 A c c e p t e d M a n u s c r i p t 26] . Furthermore, it is now known that the reactivity of these compounds can be further influenced by interactions of the M-F bond with hydrogen bond donors, such as -OH, -NH or -CH groups [27, 28] . Other donor molecules, such as hydrogen chloride (M-F---H-Cl) have also been reported [29 ] . Considering that the M-F---H-F interaction should exhibit the strongest hydrogen bond, this would be the most interesting unit to explore. Consequently, new reports aimed at investigating the nature of hydrogen bonding between metal fluoride species and HF by studying transition metal bifluorides, are nowadays increasing.
Reports have shown that TM bifluorides can express the bifluoride moiety in various forms (coordinated, non-coordinated, symmetrical, unsymmetrical) with different dissociation patterns.
Typically, these bifluorides are classified into two main categories; bifluoride complexes (where the bifluoride unit is coordinated to the metal) and bifluoride salts (where the bifluoride unit does not interact with the metal and is located outside the metal's coordination sphere). These manifestations could be especially important for catalytic fluorination processes, where catalysts, particularly metal fluorides, are exposed to an excess of a HF source [30] [31] [32] [33] . However, the influence of the metal and/or the ligand on this moiety is still unclear.
To date, there are no comprehensive reviews combining all the valuable, scattered information on the synthesis, characterization and structural behavior of these species. Recent reports have started to present these species as possible reaction intermediates and/or feedstocks for fluoride release. In hopes of shedding more light on the properties of transition metal bifluorides, a summary of the various preparation methods, characterization techniques and applications of bifluoride complexes/salts is presented. A description and classification of the reported systems will most certainly ensure a better understanding and possibly will help guide future efforts towards fully exploiting their potential in e.g. TM-catalyzed reactions.
Phosphine-Based Transition Metal Bifluorides
Since the initial report of a phosphine-based platinum bifluoride complex by Coulson [34] , the use of phosphine ligands has been the main approach for the synthesis of these bifluoride complexes. The wide availability of these ligands with their wide range of tunable steric and electronic demands has enabled the isolation and characterization of several transition metal bifluorides.
Molybdenum and Tungsten
Bifluoride complexes based on group 6 transition metals (particularly, Mo and W) are the focus of the oldest reports in this field, and have contributed immensely to the advancement of this chemistry.
Twenty years after the first bifluoride was reported [34] , Parkin and co-workers successfully synthesized a Mo-based bifluoride complex, [MoF(H) 2 (HF 2 )(PMe 3 ) 4 )] (4) [35] . The latter was obtained by reacting M a n u s c r i p t 
Scheme 1. Synthesis of bis-and mono(bifluoride) molybdenum complexes 3 and 4 [35]
The X-ray structure of 4 highlights some fundamental features of the bifluoride complex. The complex presents an irregular dodecahedron structure, with the phosphine ligands occupying positions of the elongated tetrahedral subunit of the dodecahedron, while the anionic ligands form the flattened tetrahedral subunit. As shown in Figure 1 , the F---H-F moiety is clearly not bound linearly to the molybdenum center, but depicts a Mo-F---F angle of 134º [36] . The Mo-FHF distance is longer than that of the Mo-F bond (2.124(3) Å vs 2.077(4) Å, respectively), and the distance between both fluorine atoms of the bifluoride unit (2.351(8) Å) permits the classification of the interaction as a "strong" hydrogen bond, although weaker than that present in bifluoride salts, such as KHF 2 (2.277 Å) [37] . Compared to that of a free bifluoride anion, this weakening is most likely due to a smaller polarity gap between the H and the F attached to the molybdenum center. These observations reveal that metal bifluorides and bifluoride salts are certainly based on different types of hydrogen bonding. Furthermore, a broad absorption at 2682 cm At the time, the reported NMR analyses were less informative about the spectroscopic properties of the bifluoride behavior in solution. Based on these observations, it was suggested that the Mo-F---HF interaction was significantly weakened in solution with respect to that found in the solid state. A similar conclusion was drawn from the 19 
F NMR
analysis; complex 4 exhibited, in addition to the Mo-bound fluoride (proximal) signal at −230 ppm, a doublet at −182 ppm which was assigned to the distal fluoride of the FHF unit. The latter signal showed a coupling constant similar to that of a free HF molecule [41] . Later reports on similar complexes have helped to validate these notions.
The study of the aforementioned molybdenum complex was not only groundbreaking, but also initiated a re-evaluation of previously reported structures, now suspected to be bifluorides. For [42] [43] [44] . Driven by the isomorphism between molybdenum and tungsten, and considering the similarities of the reaction conditions and the obtained X-ray diffraction data with the Mo-FHF species described above, the complex formula was therefore re-examined. It was later shown that the experimental data were in excellent accord with the reformulation of the complex to the bifluoride species [WF(H) 2 M a n u s c r i p t
Ruthenium
The discovery of ruthenium bifluoride complexes resulted from observations made from the application of ruthenium complexes in the activation of C-F bonds [46] [47] [48] [49] .
Perutz and co-workers, who were initially focused on the study of the C-F activation of fluorocompounds [48] using ruthenium hydride complexes, pioneered the field of ruthenium bifluorides. In 1997, they reported the synthesis and structural study of the bifluoride species with formula trans-[RuH(HF 2 )(dmpe) 2 ] (5a) [49] . This complex was obtained as a side-product in the reaction between cis-[Ru(H) 2 (dmpe) 2 ] and hexafluorobenzene at −78 ºC, which mainly yielded trans-[RuH(C 6 F 5 )(dmpe) 2 ] via C-F bond activation (Scheme 2). The aromatic C-F activation promoted by metal complexes was a very active area of research at the time, and a precedent of this unexpected side-product was observed by the same group the previous year, although then, it had remained unidentified [48] . These studies showed that two equivalents of fluoroaryl compounds (C 6 F n H 6-n , n = 3,4,5,6) reacted with the dihydride ruthenium complex to afford an unknown compound in a 1:2 ratio with respect to the C-F activation product. F NMR studies showed a pattern consistent with a bifluoride complex. Moreover, the presence of an excess of triethylamine completely suppressed the formation of this compound, whereas the addition of NEt 3 ·3HF (less than one equivalent in THF at room temperature), a mild source of HF, increased the yield of the desired product. According to these observations, bifluoride complex 5a was proposed as the observed compound. IR studies were also conducted, M a n u s c r i p t revealing a broad band at 1690 cm -1 , which is within the range of reported HF 2 salts. The structure of the bifluoride species was unambiguously determined by X-ray diffraction analysis and showed a Ru-bound bifluoride unit (FHF, with a Ru-F---F angle of 129.9(3)º) in a trans disposition relative to the hydride.
Interestingly, the F---F distance of 2.276(8) Å found in complex 5a is closer in range to that found in bifluoride salts [50, 51] or pyridine·nHF [52] , and considerably shorter than the F---F distance observed in the Parkin complex [MoF(H 2 )(HF 2 )(PMe 3 ) 4 ] (3) (2.351(8) Å). The Ru-F bond length of 2.284(5) Å is significantly longer than that of Ru-F complexes (2.01-2.04 Å) known at the time [53] [54] . The bifluoride complex was also highlighted as a very rare example of an octahedral complex containing a hydride and a fluoride ligand in a trans disposition [55] . The formation of the bifluoride species was suggested to proceed via the formation of a dihydrogen intermediate, followed by trapping of the excess HF to yield the desired compound 5a (Scheme 3). Perutz and co-workers were able to overcome the above limitation and extend the method, using M a n u s c r i p t
Scheme 5. Synthesis of new ruthenium bifluorides with different phosphine ligands [60b]
Exchange reactions and dynamic behavior studies, which were conducted in that report, showed that dissociation was more likely occurring at the Ru-F bond and as a consequence liberating free HF 2 -in solution and not HF.
Rhodium
Rhodium fluoride complexes have attracted much attention in recent years, mostly due to the rapid growth of fluorination chemistry. These species were typically prepared by Cl/F exchange using AgF [17] , or by C-F activation/hydrogenolysis of fluorinated alkenes [61] . Nowadays, the use of NEt 3 ·3HF is considered a more practical approach for metal fluoride synthesis [26, 62] . However, since this reagent is also an excellent bifluoride promoter, various reports of Rh-FHF complexes have started to appear in the literature. A c c e p t e d M a n u s c r i p t During the same year, Vicente and co-workers reported the isolation and characterization of several rhodium bifluoride complexes. In a similar manner, fluoride complexes of the type [RhF(cod)(PR 3 )] (10) were reacted with NEt 3 ·3HF to afford 3 new bifluorides, [Rh(
Pr or Cy) [64] .
[RhF(cod)(PR 3 )] complexes were accessed by reacting the trinuclear bifluoride species [{Rh 3 (µ 3 -OH) 2 (cod) 3 }(HF 2 )] with the corresponding phosphine. Under these conditions, the bifluoride complexes were obtained in 67-92% isolated yields (Scheme 7). Werner and co-workers observed the formation of a rhodium bifluoride as by-product and successfully identified this species; although only a mixture of products was observed and no complex was isolated M a n u s c r i p t 
Nickel
Perutz and co-workers successfully isolated and characterized a nickel complex with the formula trans- A c c e p t e d M a n u s c r i p t also confirmed by 31 P NMR spectroscopy, which showed a signal at 14.4 ppm with a P-F coupling ( 2 J P-F = 37.9 Hz). This is again in accordance with previous bifluoride reports. The same group went on to conduct a study on the behavior of complex 14a in solution [76] , which, at the time, was the first of its kind for bifluoride complexes. As was discussed previously, low temperatures are almost always needed in order to obtain clear data for the proper characterization of these species.
This fact clearly underlines the importance of elucidating the solution behavior of these complexes. Scheme 10. Proposed mechanism for the intramolecular exchange of the palladium bifluoride species in solution [78] A c c e p t e d M a n u s c r i p t 
Bu-bpy)] (15) [79a]
The reactivity of the palladium bifluoride species was also briefly analyzed in the same study (Table 1) .
While warming the complex did not afford a substantial amount of the aryl-F reductive elimination product (16) , it did, however, yield significant quantities of the biaryl coupling product (17, 35%). This observation was discouraging, since Ritter and co-workers had previously shown that a Pd IV complex bearing fluorides and aryl ligands could undergo reductive elimination upon thermolysis, to form the desired Ar-F bond [80] . However, it was discovered that the presence of additional XeF 2 , greatly increased conversion, while changing the selectivity towards the fluorination product. The same reactivity was observed with two other electrophilic fluorination reagents, although in lower conversions. These observations have confirmed the need for additional "F + " in the reaction media to promote the formation of the fluorinated product. Interestingly, the reaction of N-bromosuccinimide with the bifluoride complex also afforded 16, thus suggesting that the additional oxidant does not serve as a fluorine source. The authors reasoned that the oxidant could react with the bifluoride unit, thus allowing the reductive elimination, and consequently the Ar-F bond formation, to take place [82a].
Braun and co-workers reported two examples of palladium bifluoride salts by reacting [Pd(Me) 2 (R 2 PCH 2 PR 2 )] (R = Cy, Ph) with NEt 3 ·3HF in THF [79b]. The resulting A-frame palladium bifluorides were isolated and fully characterized (Scheme 12). X-ray structure analysis of one of the M a n u s c r i p t compounds (R = Ph) confirmed the salt aspect by showing that the symmetrical HF 2 moiety was outside the coordination sphere of the metal, and having no interaction with the palladium metal center. 
Scheme 12. Synthesis of nickel bifluoride complexes [79b]
The remarkable results obtained in these reports showed the sensitive and complex nature of the Pdcatalyzed fluorination process towards oxidative and non-anhydrous conditions. Furthermore, the stability of the bifluoride complex, under mild conditions, suggested that the reductive elimination is probably the rate-limiting step in Pd 
Platinum
The first transition metal bifluoride complex to be observed was a Pt-based compound, formulated as The proton was assigned to the acidic proton in the HF 2 moiety, and the strong hydrogen bond interaction between free HF and the F ligand was put forth as a possible explanation for this observation.
Unfortunately, no X-ray analysis was included in this report. Therefore the nature of this bifluoride complex remains uncertain. Another example by Vigalok and co-workers proposed the formation of a Pt IV bifluoride species while studying the migration of aryl ligands in aryl α-naphthyl Pt IV difluorides (Scheme 14) [84] . This species was detected in most reaction mixtures during the investigation of the reaction scope. The reaction parameters were of importance, since the solvent, the reaction time and the nature of the aryl ligand affected the ratio of detected bifluoride intermediates considerably. However, these intermediates were never isolated. 
NHC-based Transition Metal Bifluorides
The most recent family of bifluorides consists of complexes bearing NHCs as ligands. Since the discovery of these stable carbenes, it has been of great interest to use their strong donating capabilities to coordinate and stabilize metal species which, otherwise, would have been difficult or impossible to obtain with other ligand classes [85] . For this reason, NHCs have appeared ideally suited to overcome difficulties related to the stabilization of metal fluoride complexes. The knowledge acquired during the synthesis of phosphine-based fluorides and bifluorides has been applied to related NHC-metal complexes.
Despite the scarce number of reports compared to phosphine-based systems, a significantly greater number of complexes per report have been obtained. In this manner, a substantial amount of information on new metal bifluoride species has been gathered and discussed.
5-membered NHCs

Copper
The first copper bifluorides to be synthesized were NHC-based species, and were reported by Riant and Leyssens [86] . In their report, four neutral and two cationic (salts) NHC copper bifluorides were synthesized (Scheme 15). The copper bifluorides were accessed using a modified synthesis of the monofluoride analogs [87] [88] [89] . In this fashion, the corresponding [CuCl(NHC)] was reacted with KO The preference for obtaining a mono-or a bis-(NHC) copper species was dependent on the nature of the N-substituents of the corresponding NHC. Steric rather than electronic factors were presumed as the major contributor to this phenomenon. The reaction outcome of the silver route proved highly solvent dependent, giving either the mono-or the bis-(NHC) copper in THF or DMPU, respectively. Two of the six reported bifluorides were based on a family of chiral NHC ligands developed by Tomioka and coworkers [90] . The latter constitute the first examples of metal bifluorides bearing a chiral ligand. Controlling the amount and dilution of NEt 3 ·3HF proved crucial in achieving high product purity.
Gold
M a n u s c r i p t
In the presence of additional stronger donating ligands than NEt 3 (such as pyridine (Py) or Se(SIPr) [95] ), the same reaction afforded exclusively the desired [{Au(NHC)(L)}(HF 2 )] (L = Py, Se(SIPr)) bifluoride salts. All gold bifluorides were air and moisture stable in the solid state, and in solution [96] . 
Method B:
9 examples L = NEt 3 , Py, Se(SIPr)
Scheme 16. Synthesis of [{Au(NHC)(L)}(HF 2 )] salts [93]
The relationship between the monofluoride and bifluoride congeners was also investigated. It was found that the former will react with NEt 3 ·3HF or traces of water to afford the gold bifluoride, whereas the latter delivers the gold fluoride under basic conditions. Furthermore, the gold bifluorides proved highly efficient and selective catalysts in the hydrofluorination of alkynes (Scheme 17). A c c e p t e d M a n u s c r i p t
Iridium and Rhodium
Recently, Nolan and co-workers also reported the synthesis of several NHC-based Ir I and Rh I fluoride and bifluoride complexes (Scheme 18) [97] . Using the same strategy described above, a metal hydroxide of the type [M(OH)(cod)(NHC)] (M = Rh, Ir) afforded the corresponding bifluorides 22-24 in good yields (93%, 90% and 82%, respectively).
NMR analyses of these new bifluoride complexes showed subtle differences compared to their fluoride counterparts. The 1 H NMR spectra (room temperature) showed a broad doublet (11.4 ppm, (22); 12.3 ppm, (23)) or a broad singlet (11.7 ppm (24)), assigned to the acidic proton. As in previous studies, at lower temperature (200 K), these signals resolved into doublets of doublets (for more details, see Table 3 ). 
6-membered NHCs
In a recent report, Whittlesey and co-workers found that treatment of a cis/trans mixture of [RhH (6- [98] . Later on, they extended the 6-NHC scope to include the methyl (6-NHC = 6-Me, 26) and ethyl (6-NHC = 6-Et, 27) derivatives (Scheme 19) [99] .
While the trans bifluoride 26 was the only product obtained for 6-Me, a mixture of both isomers (27a and 27b) was observed for 6-Et which isomerized into a 1:1 ratio after several hours in solution. Solid-state structures for both trans isomers (26 and 27b) were obtained ( Figure 7) . Interestingly, Rh-F---F angles (122.96 (6) o (26) and 121.41(9)º (27b)) were significantly smaller than that found for the isopropyl derivative (127.44º), and were considered among the smallest M-F---F angles observed for bifluoride complexes. based on similar reports [14] . Surprisingly, no evidence for the monofluoride species [RhF(6-Me)(PPh 3 ) 2 ]
was ever detected, even in the presence of excess base (NEt 3 ). Consequently, the remarkable stability of the bifluoride species is once again asserted. In line with this observation, no glassware etching was observed in any of the NMR experiments. In a similar fashion to other bifluoride species, magnetization transfer studies by 19 F NMR analysis revealed an intramolecular exchange process of the HF 2 moiety.
Other Transition Metal Bifluorides
Recently, Weng and co-workers have reported the synthesis of a cationic Cu I bifluoride salt (28) , ligated by a phenantroline-derived ligand [100] . This compound was prepared in 92% yield by reacting Cu(O 
Analysis and Outlook
As shown in all previously described reports, bifluorides can be quite elusive and difficult to identify.
Typically, low temperature NMR analysis is required to characterize such species. In some cases, acetonitrile-d 3 is used in order to observe the acidic proton (F-H-F) in the 1 H NMR spectroscopy [86, 93] .
Nevertheless, X-ray crystallography usually is the best way to unambiguously determine the true nature of metal bifluoride complexes. In order to centralize the bifluoride database, characteristic structural and NMR data of the HF 2 moiety for all reported compounds are assembled in Table 2 Table 2 A closer look at Figure 8 shows two distinct anomalies that are outside the correlation trend; NHC iridium complex 24 and NHC copper complex 18. The former has an unusually long F---F separation which is apparent both in the solid state (2.457(6); 2.587(6)) and in solution ( between the M-F and H-F fragments. However, the data are far from conclusive as too many variables are at play and not enough data points are available. Future efforts should be directed towards reducing these variables in order to offer a more reliable comparison, especially on both ends of the correlation spectrum.
As it was shown in the previous sections, these bifluorides have started to appear in fluorination processes either as catalysts or intermediate species.
Understanding the inner-workings of these species is an extremely important step forward, towards fully utilizing their reactivity. As already shown, the bifluoride species could be transformed, in most cases, back to the fluoride congener under basic conditions. Perutz and co-workers have shown in their reports that the bifluoride complexes of platinum and ruthenium can undergo ligand exchange with various reagents [82,60b] . A summary of the methods used is shown in Scheme 22. The Nolan group also applied the same strategy on NHC-based bifluoride complexes of Iridium and rhodium [97] . M a n u s c r i p t
In conclusion, an overview of the known transition metal bifluorides combining valuable data regarding their synthesis, characterization and structural behavior has been presented. A description and classification of the systems was carefully attempted in order to take initial steps towards obtaining a more comprehensive picture of these fascinating transition metal species. We hope this synthesis will assist further developments and full exploitation of the potential of this steadily growing field of research.
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